Heat shock transcription factor 1 (HSF1) is activated by pathophysiologic stresses and activation leads to an increased cellular level of heat shock proteins (Hsp(s)). Although the activation of HSF1 occurs via multiple stressinduced processes such as hyperphosphorylation, the exact cellular mechanism of HSF1 activation is still unclear. Here we show polo-like kinase 1 (PLK1) and HSF1 interact in vivo using the tandem affinity purification system. Although the interaction between HSF1 and PLK1 is increased by thermal stress, overexpression of PLK1 did not affect HSF1 trimerization or DNA binding activity. This interaction results in the phosphorylation of HSF1 on serine 419 by PLK1. Interestingly, mutation of serine 419 to alanine inhibited heat-stress induced HSF1 nuclear translocation. Our results suggest that the phosphorylation of HSF1 by PLK1 is an essential step for HSF1 nuclear translocation by heat stress.
Heat shock transcription factor 1 (HSF1) is activated by pathophysiologic stresses and activation leads to an increased cellular level of heat shock proteins (Hsp(s)). Although the activation of HSF1 occurs via multiple stressinduced processes such as hyperphosphorylation, the exact cellular mechanism of HSF1 activation is still unclear. Here we show polo-like kinase 1 (PLK1) and HSF1 interact in vivo using the tandem affinity purification system. Although the interaction between HSF1 and PLK1 is increased by thermal stress, overexpression of PLK1 did not affect HSF1 trimerization or DNA binding activity. This interaction results in the phosphorylation of HSF1 on serine 419 by PLK1. Interestingly, mutation of serine 419 to alanine inhibited heat-stress induced HSF1 nuclear translocation. Our results suggest that the phosphorylation of HSF1 by PLK1 is an essential step for HSF1 nuclear translocation by heat stress.
One of the most pronounced consequences of heat shock is the unfolding and the misfolding of proteins that ultimately leads to cellular damage. All organisms, from bacteria to human, have evolved a defense mechanism known as the heat shock response, which effectively deals with such cellular stresses (1, 2) . The heat shock response induces the expression of highly conserved heat shock proteins (Hsp(s)) 1 that serve as molecular chaperones to refold denatured proteins and promote the degradation of damaged proteins (3) (4) (5) (6) . In mammals, the regulation of Hsp expression in response to stress occurs primarily at the transcriptional level and depends on heat shock transcription factor 1 (HSF1). Although HSF1 was identified over 40 years ago, the regulatory mechanisms for HSF1 activity are still unclear (7) . In normal cells, HSF1 largely localizes to the cytoplasm as an inactive monomer. Upon sensing stress, HSF1 undergoes the transition from a monomeric to a homotrimeric form and translocalizes to the nucleus where it binds DNA. HSF1 binds to the heat shock elements (HSEs), which are inverted repeats of the pentanucleotide motif 5Ј-nGAAn-3Ј found in the promoter region of Hsp genes. Recent studies (8 -12) of mammalian HSF1 suggest that HSF1 harbors an intrinsic stress sensing capacity that is crucial for its activation from a monomer to a homotrimer form.
Polo-like kinases (PLKs) are important regulators of cell cycle progression. In mammalian cells, three PLKs (PLK1, PLK2/Snk, PLK3/Fnk) have been identified (13) (14) (15) . Among them, PLK1 has been the most thoroughly investigated. The known substrates of PLK1 include several proteins involved in mitosis such as Cdc25C, APC, and cyclin B. PLK1 promotes mitosis through the phosphorylation and activation of Cdc25C, which regulates the tyrosine dephosphorylation of CDKs (16 -18) . When vertebrate cells enter prophase, phosphorylation of cyclin B1 by PLK1 is essential for its translocation from the cytoplasm to the nucleus (19, 20) . Interestingly, PLK1 and PLK3 are also involved in the promotion and progression of cancers. Elevated levels of PLK1 expression were reported in many different types of cancer cells including promonocytic leukemia and gastric carcinoma (21, 22) . Liu and Erikson (23) reported that depletion of PLK1 dramatically inhibited cancer cell proliferation, decreased cell viability, and resulted in apoptosis.
In this report, we identified PLK1 as a HSF1-interacting protein by utilizing the tandem affinity purification (TAP) system. PLK1 was also shown to phosphorylate HSF1 on serine 419 and regulate its subcellular localization. Our results suggest PLK1 plays an important role in the nuclear translocation of HSF1 induced by heat stress.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-HEK 293 cells were maintained at 37°C with 5% CO 2 in Dulbecco's Modified Eagle's Medium supplemented with 100 units/ml penicillin, 100 g/ml streptomycin, and 10% fetal bovine serum. Cells were transfected using the FuGENE 6 reagent (Roche Applied Science) according to the manufacturer's instructions.
Plasmids-Vectors for mammalian expression of N-terminally FLAGtagged mouse HSF1 (amino acids 1-503) and C-terminal-deleted HSF1 (amino acids 1-290) fusion proteins have been described (11, 12) . Bacterial expression vectors for recombinant His-tagged or GST-tagged FL HSF1 and C-terminal deleted HSF1 (1-290) fusion proteins have also been described (12) . Mammalian expression vectors for C-terminally TAPtagged FL HSF1 and C-terminal deleted HSF1 (1-290) proteins were created by inserting cDNA fragments into the 5Ј-KpnI and 3Ј-NotI sites of pCDNA3.1-TAP. A cDNA fragment containing the complete open reading frame of HSF1 was inserted into the 5Ј-HindIII and 3Ј-KpnI sites of the pEGFP-C1 vector (Clontech) to create pEGFP-HSF1. A vector for mammalian expression of PLK1 fused to a HA-tag was the generous gift of Dr. D. K. Ferris (NCI, National Institutes of Health, Frederick Cancer Research and Development Center). Site-directed mutagenesis was carried out by using a PCR-based procedure (24) . All constructs were confirmed by DNA sequencing.
TAP Purification-HEK 293 cells were transfected with pCDNA3.1-HSF1-TAP plasmid to express C-terminally TAP-tagged FL HSF1. HSF1 (FL)-TAP fusion proteins were purified according to the TAP-tagged protein purification procedure (25, 26) with some modifications. Briefly, 36 h after transfection, cells were washed twice with cold phosphate-buffered saline (PBS) and lysed by sonication. Cell lysates were cleared by centrifugation at 12,500 rpm for 10 min. The supernatants were incubated with IgG-Sepharose for 2 h at 4°C in * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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Bio-Rad disposable column. The IgG-Sepharose column was washed with TNP buffer (10 mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.1% Nonidet P-40) lacking protease inhibitors. TEV cleavage was performed using rTEV protease (Amersham Biosciences) according to the manufacturer's instruction. TEV-cleaved proteins were incubated with calmodulin beads and incubated for 2 h at 4°C. After the beads were washed with calmodulin binding buffer (10 mM Tris-Cl, pH 8.0, 10 mM 2-mercaptoethanol, 150 mM NaCl, 1 mM magnesium acetate, 1 mM imidazole, 2 mM CaCl 2 , 0.1% Nonidet P-40), bound proteins were boiled in SDS-PAGE sample buffer.
Immunoblotting-HEK 293 cells were transfected with either pCDNA3.1-HSF1-TAP or pCDNA3.1-HA-PLK1 mammalian expression vectors. Forty-eight hours after transfection, whole cell lysates were prepared as described previously (12) . Proteins were resolved by SDS-PAGE and immunoblotted with anti-PLK1 antibody (Santa Cruz Biotechnology), anti-HSF1 antibody (Ab2923, Abcam), or anti-actin antibody (C-11, Santa Cruz Biotechnology).
In Vitro HSF1 Cross-linking Analysis-For cross-linking experiments, whole cell extracts were prepared by thawing frozen cell pellets in HEG buffer (20 mM HEPES, pH 7.9, 0.5 mM EDTA, 10% glycerol containing 0.42 M NaCl, 1.5 mM MgCl 2 , protease inhibitors). Cells were dispersed by repeated pipetting followed by incubation on ice for 15 min. Cell extracts were cleared by centrifugation at 14,000 rpm for 15 min and supernatants were used for HSF1 trimerization study (20 g of protein/reaction). EGS (ethylene glycol bis(succinimidyl succinate)) cross-linking was carried out as described previously (27, 28) . EGS was added to the final concentrations specified in figure legends and incubated at room temperature for 30 min. After quenching the crosslinking reactions with excess 1 M Tris-Cl, pH 7.5, samples were resolved by 6% SDS-polyacrylamide gel electrophoresis and analyzed by immunoblotting with anti-HSF1 antibody.
Electrophoretic Mobility Shift Assay-Nuclear extracts were prepared from heat shock-treated HEK 293 cells as described previously (27) . Five g of extract were incubated with 32 P-labeled HSE consensus sequence oligonucleotide for 15 min at room temperature in binding buffer (20 mM HEPES, pH 7.6, 5 mM EDTA, 1 mM dithiothreitol, 150 mM KCl, 50 mM (NH 4 ) 2 SO 4 , 1% Tween 20 (v/v)). Following native 5% polyacrylamide gel electrophoresis, HSF1-HSE DNA complexes were visualized by autoradiography.
In Vitro HSF1 Phosphorylation Assay-Recombinant GST-tagged full-length HSF1 and C-terminal deleted HSF1 fusion proteins were expressed in Escherichia coli BL21 (DE3) Codon Plus cells (Stratagene) and purified using glutathione-agarose affinity resin as described (12) . Recombinant HSF1 was incubated with 2 Ci of [␥- 32 P]ATP and immunopurified PLK1 in kinase buffer (20 mM HEPES, pH 7.4, 150 mM KCl, 10 mM MgCl 2 , 1 mM EGTA, 0.5 mM dithiothreitol, 5 mM NaF, 0.1 mM Na 3 VO 4 ) at 30°C for 20 min. Reactions were analyzed by 12% SDS-PAGE and visualized by autoradiography (29) .
Immunofluorescence Microscopy-HEK 293 cells were seeded on twochamber slides (21 ϫ 21 mm) at a density of 1 ϫ 10 5 cells/well. Cells were cultured overnight and transiently transfected by using FuGENE 6 regent. Forty-eight hours after transfection, cells were washed twice with PBS and fixed with 4% paraformaldehyde in PBS for 10 min. After being washed with PBS twice, cells were incubated with methanol for 2 min. For immunostaining, cells were pretreated for 30 min with 5% bovine serum albumin containing PBS as a blocking reagent. Then cells were incubated with 2.5% bovine serum albumin in PBS containing anti-HA antibody (Roche Applied Science) for 1 h and washed with PBS for 10 min. Cells were incubated for 30 min with Cy3-conjugated antimouse secondary antibody (Jackson ImmunoResearch) in 2.5% bovine serum albumin containing PBS. Finally, the cells were washed twice for 10 min with PBS and then mounted by using ProLong Antifade mounting medium (Molecular Probes). Cell nuclei were stained with 4Ј,6-diamidino-2-phenylindole (Molecular Probes) by using the recommended protocol. Fluorescence analysis was performed by conventional fluorescence microscopy.
RESULTS AND DISCUSSION
Identification of PLK1 as a HSF1-interacting Protein-Previously, we developed a powerful yeast-based assay system to examine the function and regulatory mechanism of human HSF1 (hHSF1). In this assay system, the expression of hHSF1 did not suppress the lethality of yeast cells lacking endogenous yeast HSF (yhsf⌬) because of an inability of hHSF1 to undergo activation in yeast cells (30) . To identify proteins that activate human HSF1, we transformed yeast expression vectors containing a human cDNA library into the yeast-based assay system and isolated human cDNA encoding PLK1, which was capable of overcoming yeast cell lethality by activating hHSF1 (data not shown).
Because PLK1 supported the growth of yhsf⌬ cells through hHSF1 activation in yeast, we investigated the role of PLK1 in HSF1 regulation. To confirm the interaction between HSF1 and PLK1, we used the TAP system in mammalian cells. HEK 293 cells were transfected with the TAP-tagged HSF1 mammalian expression vector (pCDNA3.1-HSF1-TAP), and the proteins associated with HSF1 were purified by the two-step affinity purification method as described under "Experimental Procedures." The proteins present in the eluted fraction were resolved by 12% SDS-PAGE and visualized by silver staining (Fig. 1A) . Western blot analysis using antibodies for HSF1 and PLK1 confirmed the interaction between HSF1 and PLK1 (Fig.  1B) . Hsp90, a well known interacting partner of HSF1, was also detected.
Interaction of PLK1 with HSF1 Is Increased by Heat Stress-To examine the potential role of PLK1 in stress-inducible HSF1 activation, HEK 293 cells were transfected with the HA-tagged PLK1 expression vector (pCDNA3.1-HA-PLK1). Forty-eight hours after transfection, cells were heat-shocked for 1 h at 42°C. Cell lysates were prepared from heat-treated (ϩ) or -untreated (Ϫ) cells and Western blot analysis was performed using anti-HSF1 antibody or anti-HA antibody. As shown in Fig. 2A (top panel) , heat shock treatment leads to the induction of HSF1 phosphorylation in both control and PLK1-transfected cells. Interestingly, PLK1 overexpression results in an increased HSF1 hyperphosphorylation compared with a heat-stressed control ( Fig. 2A, top panel) . PLK1 also showed slightly increased phosphorylation under the heat-stressed condition ( Fig. 2A, middle panel) .
To examine whether heat stress affects the interaction between HSF1 and PLK1, HEK 293 cells were transfected with the HA-tagged PLK1 mammalian expression vector for 48 h. Cells were harvested, and the cell extracts were subjected to immunoprecipitation using anti-HA antibody, followed by Western blot analysis with anti-HSF1 antibody to detect endogenous HSF1. As shown in Fig. 2B (top panel) , interaction of PLK1 with HSF1 was greatly increased after heat shock.
PLK1 Is Not Involved in the HSF1 Trimerization or DNA Binding Activity-Under non-stressed conditions, HSF1 is found predominantly as a monomeric polypeptide that lacks specific DNA binding activity. When cells are stressed, HSF1 homotrimerizes, translocates from the cytoplasm to the nucleus, is hyperphosphorylated, acquires DNA binding activity, Forty-eight hours after transfection, TAP-tagged HSF1 and its associated proteins were purified using the TAP system. A, co-purified proteins were separated by SDS-PAGE, and proteins were visualized by silver staining. B, co-purified proteins were resolved on SDS-PAGE, and endogenous PLK1 and Hsp90 were detected by Western blot analysis using anti-PLK1 antibody and anti-Hsp90 antibody. HSF1 was also detected by Western blot analysis using anti-HSF1 antibody.
and becomes transcriptionally competent. The finding that HSF1 interacts with PLK1 raises the possibility that PLK1 may regulate the activation of HSF1.
To examine whether PLK1 can modulate HSF1 trimerization in mammalian cells, a cross-linking experiment was performed using whole cell extracts prepared from HEK 293 cells transfected with the HA-tagged PLK1 expression vector. As shown in Fig. 3A , overexpression of PLK1 slightly increased HSF1 trimerization in heat shock-untreated cells, but not significantly. Furthermore, PLK1 did not increase HSF1 trimerization in the heat shock-treated condition compared with an empty vector-transfected control.
We next examined the potential role of PLK1 in stressinducible HSF1 DNA binding activity. HEK 293 cells were transfected with the HA-tagged PLK1 expression vector, and the DNA binding activity of HSF1 was examined by electrophoretic mobility shift assay. As shown in Fig. 3B , heat shock leads to the induction of HSF1 DNA binding activity in both empty vector-and PLK1 expression vector-transfected cells. However, PLK1 overexpression did not increase HSF1 DNA binding activity compared with empty vector-transfected control cells (Fig. 3B ). These results demonstrate that although PLK1 interacts with HSF1 and this interaction is increased by heat stress, PLK1 modulates neither the HSF1 trimerization nor the DNA binding activity under heat stress.
PLK1 Phosphorylates HSF1 on Serine 419 -Several protein kinases such as CaMKII, GSK-3, ERK, and JNK were reported to phosphorylate HSF1 (31) (32) (33) (34) (35) . Phosphorylation of Ser-303, Ser-307, and Ser-363 by GSK-3, ERK, and JNK was reported to repress the transcriptional activity of HSF1 (29, (33) (34) (35) . In contrast, phosphorylation of Ser-230 by CaMKII promotes the transcriptional activity of HSF1 (32) . These findings suggest that several kinases phosphorylate specific residues of HSF1 in response to distinct stimuli and phosphorylation of HSF1 is a crucial regulatory mechanism.
To examine whether PLK1 can modulate HSF1 phosphorylation, we next investigated the phosphorylation of HSF1 by PLK1. For the HSF1 phosphorylation assay, recombinant GSTtagged FL HSF1 and C-terminal-deleted HSF1 (1-290) were purified from bacteria. Recombinant HSF1 was incubated with [␥-32 P]ATP and immunopurified PLK1 from HEK 293 cells. As shown in Fig. 4A , PLK1 specifically phosphorylated FL HSF1, whereas PLK1 did not phosphorylate C-terminal-deleted HSF1 (1-290). Empty vector control reactions did not phosphorylate HSF1. This result demonstrates that PLK1 phosphorylates the C-terminal HSF1 activation domain. Unlike the in vivo results seen in Fig. 2A , phosphorylation of recombinant HSF1 (FL) was not increased by heat shock in vitro (Fig. 4A ). This result may be caused by the lack of cellular factors, which regulate HSF1 phosphorylation within the cell.
To identify the specific serine residues in the C-terminal region of HSF1 phosphorylated by PLK1, we created HSF1 point mutants containing alanine residue substitutions and analyzed the phosphorylation by PLK1. We chose the Ser-292, Ser-314, Ser-319, Ser-326, and Ser-419 residues as candidate PLK1 phosphorylation sites based on the reported phosphorylation sites of HSF1 (31) . Recombinant GST-tagged HSF1 point mutants (S292A, S314A, S319A, S326A, and S419A) were purified from bacteria and used as a substrate for PLK1 in kinase assays. As shown in Fig. 4B (top panel) , the S292A, S314A, S319A, and S326A point mutants showed slightly decreased phosphorylation, whereas the S419A point mutant showed dramatically impaired phosphorylation when compared with wild type HSF1 (FL). These data suggest that the Ser-419 residue of HSF1 is the major and most critical PLK1 phosphorylation site. HSF1 (1-290) was used as a negative control (Fig. 4B, top panel) . Coomassie Blue staining showed the equivalent level of purified proteins (Fig. 4B, middle panel) . Immunopurified HA-tagged PLK1 proteins used for kinase assays were confirmed by Western blot analysis using anti-HA antibody (Fig. 4B, bottom panel) .
HSF1 Serine 419 Plays an Important Role in Its Nuclear
Translocation-Previous studies showed that PLK1 is involved in the regulation of multiple aspects of the cell cycle and mitosis. PLK1 is localized in both the nucleus and the cytoplasm during the S and G 2 phases and nuclear-localized before mitosis. Interestingly, nuclear import of cyclin B1 and Cdc25C is regulated through phosphorylation by PLK1 (17) (18) (19) . In our results, PLK1 did not affect HSF1 trimerization and DNA binding activity, although the HSF1 and PLK1 interaction is increased by thermal stress (Figs. 2 and 3 ). Because nuclear translocation of HSF1 is an important regulatory step for its activation, we analyzed whether the phosphorylation of Ser-419 by PLK1 has an affect on the subcellular localization of HSF1. For this experiment, HEK 293 cells were cotransfected with a FLAG-tagged HSF1 expression vector (wild type, S292A, S326A, or S419A) and the HA-tagged PLK1 expression vector. To assess the distribution of HSF1, proteins were fractionated, and Western blot analysis was performed before and after exposure to heat shock. Under the normal condition, wild type HSF1 and its point mutants (S292A, S326A or S419A) were found predominantly in the cytosolic fraction (Fig. 5, A,  top panel, and C) . Upon heat shock, wild type HSF1, HSF1 (S292A), and HSF1 (S326A) mutants showed an increased localization in the nucleus (Fig. 5, B, top panel, and D) . In contrast, the HSF1 (S419A) mutant remained predominantly in the cytosolic fraction after heat shock, which suggests phosphorylation on Ser-419 by PLK1 plays an essential role in the HSF1 nuclear translocation by heat stress (Fig. 5, B, top panel, and  D) . PLK1 was predominantly found in the cytosolic fraction, and this localization was not affected by heat stress (Fig. 5, A and B,  middle) . c-Fos localization was used as a positive control for the nucleic fraction (Fig. 5, A and B, bottom) .
To confirm the effect of PLK1 on HSF1 nuclear translocation, HEK 293 cells were cotransfected with GFP-tagged HSF1 expression vectors (wild type, S292A, or S419A mutant) and the HA-tagged PLK1 expression vector. Forty-eight hours after transfection, indirect immunofluorescent analysis was performed. Under the normal condition, each of the HSF1 derivatives were diffusely localized in cells (Fig. 6) . In response to heat shock, wild type HSF1 and the HSF1 (S292A) mutant translocated to the nucleus. In contrast, the HSF1 (S419A) mutant showed a diffuse staining pattern throughout the whole cell, indicating that the phosphorylation of residue Ser-419 by PLK1 is important for HSF1 nuclear translocation (Fig.  6 ). Under the normal condition, PLK1 localized in both cytoplasm and nucleus, and this diffused staining pattern did not change upon heat stress (data not shown).
In this study, we showed evidence that PLK1 interacts with HSF1 in vivo. PLK1 slightly interacts with HSF1 under the normal condition and their interaction was increased by heat stress. Phosphorylation studies demonstrated that PLK1 phosphorylates HSF1 on Ser-419, suggesting a potential role of PLK1 in HSF1 regulation. Furthermore, the mutagenesis study demonstrated that the phosphorylation of Ser-419 residue is important for HSF1 nuclear translocation.
Recently, several reports showed that the PLK family has been implicated in the cellular response to DNA damage. For example, PLK3 appears to be activated when cells are exposed to oxidative stress (36) . PLK1 and PLK3 also participate in pathways that respond to genotoxic and non-genotoxic stress (37) (38) (39) . These findings support the notion that PLKs play an important role in stress response pathways. Although the mechanism for PLK1 in stress response is unclear, PLK3 is directly phosphorylated and activated by stress incurred by DNA damage, suggesting that the PLKs are stress-responsive proteins (38) . Additional biochemical and cellular studies are required to elucidate the function of PLK1 as a regulator of HSF1 activity in response to heat shock. 
